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ARTICLE INFO ABSTRACT
Keywords: In recent years, higher requirements have been placed on the response characteristics of X-ray
Direct conversion X-ray detectors detectors in the field of medical diagnostic imaging. Due to this, high sensitivity, high attenuation

Low energy X-ray
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coefficient and low cost detection materials need to be developed. In this paper, the geometric
model of a detector was established by Geant4 code. The absorption efficiency and mass atten-
uation coefficient of MAPbBr3 crystals were calculated in the energy range of 30 keV to 100 keV.
Compared with the mass attenuation coefficient of the NIST database, the deviation was within
1.39%. The signal charge number and detection sensitivity of the X-ray interaction with the
MAPDBrj3 crystal ware calculated. Compared with the CdTe crystal and a-Se, the MAPDbBr3 crystal
still had a larger detection sensitivity under a smaller applied electric field, which was approxi-
mately 9 times higher than that of a-Se. This result indicated that the detection sensitivity could
be greatly improved by using a high atomic number and high charge mobility-lifetime product.
Based on the simulation results, the 2 mm thick MAPbBr; crystal exhibited the highest detection
sensitivity at 60 keV X-rays, which was in agreement with the experimental results.

1. Introduction

X-rays and y-rays have been widely used in medical diagnosis, homeland security, nondestructive testing and scientific research
[1-3]. Compared with commercial silicon and amorphous selenium (a-Se), lead halide perovskite has a higher attenuation coefficient
due to its high atomic number. Halide perovskite have a low defect density and high inhibition of carrier recombination. Due to its
performance, the halide perovskite shows a large charge mobility-lifetime product, and a large charge mobility-lifetime product en-
sures charge collection efficiency under a small electric field and avoids a large dark current [4,5]. The tuneable optical band gap
causes the detector to have high energy resolution, large resistivity and low leakage current [6]. In the field of medical diagnosis, the
achievement of more accurate early diagnosis of diseases usually needs an increase in the radiation dose; however, a radiation dose
that is too high has adverse effects on the human body and even leads to changes in genetic material. Therefore, to improve the
detection sensitivity, high atomic number materials are usually used to ensure that the X-ray radiation to the human body is effectively
reduced without reducing the diagnostic imaging [7-9]. In recent years, perovskite materials have become the preferred materials for
direct X-ray detectors [1,5,10,11,12]. The use of these materials are anticipated to overcome the shortcomings of high cost and low
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sensitivity of existing semiconductor detectors and achieve the development of X-ray detectors with room temperature operation, high
sensitivity and high energy spectrum resolution.

Hou Yu Xin et al. reviewed the development of X-ray detectors from the perspective of the structure and materials of X-ray de-
tectors, discussed the absorption and detection performance of different detection materials for X-rays, and finally prospected the
future development direction of X-ray detectors [13]. In 2007, Gui et al. conducted a simulation study of the direct X-ray detectors.
EGSnrc was used to simulate the response characteristics of several direct X-ray detectors such as Hgl, in the medical X-ray range [14].
In 2019, Henning Mescher et al. combined the superior performance of single crystal perovskite materials and the low cost charac-
teristics of polycrystalline conversion layers and simulated the response performance of folded perovskites under different structures
and photon energies through model analysis of detection sensitivity and detection quantum efficiency [15]. In 2021, Li et al. used the
Monte Carlo method to simulate the external photoelectric effect sensitivity and quantum efficiency of perovskite crystals. On this
basis, the influence of crystal thickness on the sensitivity of CsPbX3 was discussed to explore the application prospects of CsPbX3
crystals in the field of X-ray vacuum optoelectronic devices [16]. In 2022, Zhang et al. simulated the spatial resolution of X-ray imaging
of a perovskite quantum dot/polymer composite scintillator. At the of energy of 20 keV, its spatial resolution was comparable to that of
a commercial Csl scintillator; their study showed that lead halide perovskite has great potential in low energy X-ray medical imaging
[17].

In the paper, the response characteristics of the MAPbBr3 perovskite direct conversion X-ray detector were simulated based on the
Geant4 Monte Carlo method. From the characteristics of the mass attenuation coefficient, absorption efficiency and detection sensi-
tivity comparing o-Se and CdTe semiconductor materials, the advantages of perovskite materials in the field of radiation detection
were demonstrated from multiple perspectives.

2. Principle and method
2.1. Simulated geometric model of the MAPbBrs detector

Geant4 is a Monte Carlo simulation code developed by the European Organization for Nuclear Research based on the C++ object
oriented programming method, which is used to simulate the physical process of particle transport in material [18,19]. Geant4 code

was used to simulate the physical process of X-ray interaction with perovskite direct detectors, including the photoelectric effect,
Compton effect and electron pair effect. As shown in Fig. 1a, Geant4 could obtain the data information of the energy deposition
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Fig. 1. (a) Single photon life cycle diagram. (b) Structure diagram of the geometric model. (¢) Three-dimensional model built by Geant4 simulation.
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position and size of each step. In the SteppinActio class, the energy deposited in each step of the crystal was counted and accumulated
into an event energy deposition, which represented the energy deposited by a photon from its reaction to the end of its path in the
crystal. The total deposition energy, which was the accumulation of energy deposited in each event, was output in the “run”. To obtain
the required energy spectrum, the total deposited energy needed to be written in the “run” of the root file.

To study the X-ray attenuation ability of the crystal, a geometric model is established, as shown in Fig. 1b. When setting the crystal
material in the Detector Construction, the influence of the device fabrication process is not considered, and only the physical pa-
rameters of the crystal material are considered. The geometric plane size of the MAPbBr3 crystal is 10 mm x 10 mm, and the y-axis
passes through the geometric centre of the model. The thickness is selected from 0 mm to 5 mm, and the density is 3.8 g cm™>. The left
side is the position where the crystal is placed. A detector is placed behind the crystal to collect the number of X-rays that pass through
the crystal. The size of the detector is 15 mm x 15 mm x 5 mm. The surface area of the detector is larger than that of the crystal, such
that the photons could pass through the crystal and be collected by the detector. Fig. 1c¢ shows the geometry of the interaction between
the MAPbBr; crystal and 60 keV X-rays. The particle source is set as a 10% monoenergetic y photon, which is incident in the perovskite
in the vertical direction of a 4 mm x 4 mm surface source shape. This position coincides with the left surface of the crystal.

2.2. Photon absorption efficiency and mass attenuation coefficient

For photons with various energies the penetration ability of the material is different. When a beam of photons passes through a
semiconductor material with a thickness d, the mass attenuation coefficients can be obtained by the transmission method according to
Beer Lambert’s law in Eq. (1). The photon absorption efficiency of materials can be expressed in Eq. (2) [20,21].

1= Ioe*(#//’)/’d [€))
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where Iy and I are the incident and attenuated photon strengths: p is the material density; u is the linear attenuation coefficient and d is
the thickness of the material. y1/p is the mass attenuation coefficient (cm2~g’1), which can be obtained from the NIST database.

The mass attenuation coefficient refers to the absorption capacity of the material to the X-ray. It is a physical quantity describing the
effect of material density and composition on the absorption capacity of the X-ray. It is only concerned with the energy of radiation and
the atomic structure of the material [20].

Geant4 simulates physical processes, such as the photoelectric effect and Compton effect, of perovskite crystal materials with
photons of different energies. By recording the number of photons entering the sensitive volume detector, the photon absorption rate
and mass attenuation coefficient of the material are calculated.

2.3. Charge collection efficiency

When a photon with an initial energy of Ey is incident into the material, the inelastic collision with the electrons outside the nucleus
causes the medium to be ionized and excited. Due to the loss of energy, electron hole pairs are generated. These processes are random
events and obey the Fano distribution. When the particle base is large enough, the expected electron hole pair Ny can be expressed by
the linear relationship in Eq. (3) [22].

Ny=— 3)

where w is the average ionization energy of the material and indicates the energy required for the material to generate an electron-hole
pair; E is the total energy deposited in the material; Ny is the number of electron-hole pairs produced.

When the interactions between the photons and materials generate electrons and holes, they drift towards the positive and negative
electrodes under the action of a bias voltage. Thus, the electrons and holes are collected on the positive and negative plates,
respectively. The actual charge collected on the plate is determined by the charge collection efficiency and the number of charges
generated by the material. The charge collection efficiency can be calculated by the Hecht equation [23-25]. The charge collection
number AQgy) at any incident depth y can be obtained in Eq. (4). Then, the total charge collection number is obtained by integrating
with respect to the thickness direction of the material [25-27].
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Table 1
Parameters of MAPbBr3, a-Se, CdTe crystals.
Material p/g-em 3 E/V-cm™! w/eV Hete/cm>V ! uptp/em?V1
MAPDbBr; [10] 3.8 20 5.3 2.85 x 1072 1.4 x 1072
a-Se [28] 4.3 80000 43 10°° 10°
CdTe [29] 5.85 7000 4.6 107 2x107°
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where 1, = y1,7.E is the average free path of electrons; A, = p, A4E is the average free path of holes; d is the distance between the anode
plate and the cathode plate of the detector (cm); E is the electric field intensity in the detector (V-cm™1); and y is the linear distance
between the position where the X-ray interacts with the crystal and the negative plate (cm). Typical parameters for the three materials
are shown in Table 1.

The charge collection of the electrode is mainly due to the movement of electrons to the anode and holes to the cathode. With
increasing incident depth, the distance between the electron and the anode increases, and the transit time of the photogenerated
carriers also increases. Thus the probability of electron capture increases, and a decrease in electron collection efficiency is observed.
When the distance between the hole and the cathode is shortened, the probability of hole trapping decreases, resulting in an increase in
hole collection efficiency. The charge collection efficiency of the MAPbBrs crystal is mainly contributed by electrons. When the
incident depth increases, the downward trend of the electron collection efficiency is stronger, and the upward trend of the hole
collection efficiency is slower. This causes the charge collection efficiency to initially increase first and then decrease.

As shown in Fig. 2a, when the electric field is 5 V cm™!, the maximum charge collection efficiency of the MAPbBr; crystal with a
thickness of 2 mm is 64.0%. When the electric field is set to 20 V cm™!, the maximum charge collection efficiency is 88.9%. With
increasing electric field intensity, the drift velocity of photogenerated carriers to the electrode becomes faster, and the probability of
capture and recombination during drift is reduced. As a result, the charge collection efficiency gradually increases.

Fig. 2b shows the charge collection efficiency of the three crystals under different electric field strengths. When the maximum
charge collection efficiency of the MAPbBr; crystal with a thickness of 2 mm is 88.9%, the electric field intensity is only 20 V cm ™.
When the maximum charge collection efficiency of the CdTe crystal is 88.9%, the electric field strength is 7000 V cm™'. When the
maximum charge collection efficiency of a-Se is 89.4%, the electric field strength is as high as 80000 V cm ™. However, a greater

electric field strength correlates to a greater dark current generated by the device, which directly affects the performance of the
detector.

2.4. Detection sensitivity

The detection sensitivity of the direct conversion X-ray detector is an important performance index, which is defined as the number
of charges collected per unit radiation dose per unit area in Eq. (5) [15,30,28].

_0
S=2x 6]

where Q is the amount of charge (C); A is the area (cm?); X is the radiation dose (Gy); and S is the detection sensitivity (C Gy;i%-cm*Z).

Geant4 is used to count the energy deposition data of each action when photons of different energies are incident on different
materials. The average number of signal charges N contributed by each photon energy is calculated. The material information used are
shown in Table 1. The number of photons incident per unit area (cm?) per unit radiation dose (Gy) can be expressed by &. The detection
sensitivity can be obtained by simulating the product of the number of signal charges generated by each photon and the number of
photons @ at different energies [28,29,31].
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Fig. 2. (a) Calculation of the charge collection efficiency of MAPbBr; with a thickness of 2 mm under different electric field strengths. (b)
Calculation of the charge collection efficiency of MAPbBr3, CdTe and a-Se with a thickness of 2 mm under different electric field strengths.
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3. Results
3.1. Absorption efficiency

The absorption efficiency is used to evaluate the performance of the detector. High absorption efficiency can reduce the crystal
thickness to achieve efficient photon absorption. For energies in the range of 30 keV to 100 keV, Geant4 was used to simulate the
absorption efficiency of MAPbBr3, amorphous Se and CdTe with a thickness of 1 mm at different energies. As shown in Fig. 3a, the
absorption efficiency generally decreased with increasing X-ray energy, and the absorption efficiency of MAPbBr3 was significantly
higher than that of amorphous Se. The absorption efficiency of MAPbBr3 at 88 keV suddenly increased, which was consistent with the
K-layer absorption limit of Pb in the mass attenuation coefficient of Fig. 5b. Since the photon absorption efficiency of CdTe with a
thickness of 1 mm was close to 100% in the range of 30 keV to 40 keV, the 31.8 keV absorption limit of CdTe is not evident in Fig. 3a. At
the same energy, the absorption efficiency of the crystal increased with increasing crystal thickness. For 60 keV X-ray photons, 4 mm
thick MAPbBr3 was sufficient to attenuate the incident photons by 99.3%, while 4 mm thick amorphous Se attenuated the incident
photons by 97.7%. Due to the large average atomic number of CdTe, its absorption efficiency was significantly higher than that of
MAPDBr3, and the absorption rate of CdTe with a 1 mm thickness reached 97.5%.

The absorption efficiency of MAPbBr3 crystals with different thicknesses varies with energy, as shown in Fig. 4a. When the
thickness of the MAPbBrj crystal increases from 1 mm to 5 mm, the absorption efficiency of the crystal with a thickness of 1 mm is as
high as 97.6% for photon energies below 40 keV. However, when the energy of the ray is higher than 40 keV, the absorption efficiency
of the crystal with a thickness of 1 mm begins to decrease at an extremely fast rate. When the energy is 88 keV, the absorption efficiency
of the 1 mm thick crystal is 34.5%. When the energy is higher than 88 keV, the photon energy is deposited inside the crystal because the
K layer electrons of Pb are struck by the X-ray, leading to a sudden increase in the absorption efficiency of the crystal to the X-ray. In the
case of constant X-ray energy, with an increase in the thickness of the crystal, the detection efficiency shows a significant upward trend.

The comparison of the absorption efficiency of a 1 mm thick MAPbBrj crystal with or without considering the relaxation process
under different photon energies is shown in Fig. 4b. When the energy is lower than 88 keV, the absorption efficiency is basically the
same whether the relaxation process is considered. When the energy is higher than 88 keV, the absorption efficiency considering the
relaxation process is low. Based on physical process of Geant4 simulating the interaction between X-rays and crystals, when the
relaxation process is turned off, all of the energy of the photons are given to the electrons when photoelectric absorption occurs. In the
relaxation process, the K layer absorption limit of Pb is reached, and the incident photons interact with the K layer electrons to produce
fluorescence emission. Part of the fluorescence escapes from the crystal and causes the absorption efficiency to decrease.

3.2. Mass attenuation coefficient

The mass attenuation coefficients of MAPbBr3, CdTe and amorphous Se in the photon energy range of 1 keV-10° MeV are calculated
based on the NIST photon cross-section database in Fig. 5a [32]. Regardless of the resonance absorption of the K, L. and M edges, the
mass attenuation coefficient of MAPbBr3 in the whole energy region is higher than that of amorphous Se and close to that of CdTe.

The mass attenuation coefficient based on the Geant4 simulation is shown in Fig. 5b. The position of the absorption limit of
MAPDBr; at 88 keV effectively coincides with the database. The deviation between the simulation results of MAPbBr3 and the NIST
database is within 1.39% in Fig. 5c. The difference in the physical process of the photon-material interaction between the Geant4
program and the NIST database causes this deviation. The results verify the accuracy of the model established using Geant4.
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Fig. 3. (a) Absorption efficiency of MAPbBr3, CdTe and amorphous Se with a thickness of 1 mm at different energies. (b) Calculation of the X-ray
photon absorption efficiencies of MAPbBr3, CdTe and amorphous Se with different thicknesses at 60 keV.
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3.3. Number of generated charges and detection sensitivity

Due to the presence of impurities and defects, the carriers in the crystal material are trapped, absorb and diffuse during the drift
process. Thus, the charge generated by the interaction between the X-rays and crystals is not completely collected by the electrode. For
the direct conversion X-ray detectors, the number of signal charges that can be collected on the electrode directly reflect the detection
sensitivity of the detector.

The average number of signal charges generated by each photon of the different materials at different energies is shown in Fig. 6a.
At the same energy, the number of signal charges produced by the MAPbBr3 crystal and CdTe crystal are much higher than that
produced by amorphous Se. Due to the low atomic number of amorphous Se, the absorption rate of X-rays is low. Moreover, the
average ionization energy of amorphous Se is 43 eV, which is much higher than that of MAPbBrj crystals and CdTe crystals. This leads
to fewer number of signal charges generated by amorphous Se.

As shown in Fig. 6b, the detection sensitivity of the MAPbBr3 crystal is slightly lower based on a comparison between the charge
collection efficiency to the total charge collection. The charge collection efficiency increases with higher applied electric field strength.
When the photon energy is higher than 88 keV, the K layer absorption limit of Pb is reached; thus, more energy is deposited by the
interaction between the X-ray and MAPbBr; crystal, resulting in a sharp increase in the number of signal charges generated by the
crystal. Therefore, the detection sensitivity of the detector is also increased.

When the photon energy is 60 keV, the detection sensitivity of the different crystals varies with the thickness, as shown in Fig. 7a.
When the charge is assumed to be completely collected, the detection sensitivity of the crystals increases with increasing thickness.
Finally, a saturated state is obtained. The detection sensitivity of the CdTe crystal is higher than that of the MAPbBr; crystal. Due to the
low charge collection efficiency of CdTe crystals and the excessive applied electric field, the dark current will be too high. As shown in
Fig. 7b, when the charge collection efficiency is considered, the detection sensitivity of the MAPbBrj3 crystal initially increases and then
decreases when the applied electric field is 20 V em ™. The optimal detection sensitivity is observed at a distance of 2 mm. Since the
average free path of the hole (pythE) in the MAPbBr3 crystal is 2.8 mm, when the crystal thickness is less than 2.8 mm, the energy of X-
ray deposition in the crystal increases with the increasing thickness. The increased charge collected between the plates leads to
increased detection sensitivity. When the crystal thickness is greater than 2.8 mm, the trap effect leads to more hole loss. The charge
collected between the plates is mainly contributed by electrons, which leads to low charge collection efficiency.

MAPDBrj crystals with a thickness of 2 mm were prepared by the antisolvent method. The device structure is shown in Fig. 8a. We
exposed the MAPDbBr3 single-crystal device to a X-ray source with X-ray effective energies of 39 keV, 60 keV and 80 keV, for which the
radiation dose rate was calibrated. As shown in Fig. 3b, the 2 mm thick MAPbBr3 could almost completely absorb the X-rays within the
energy range of the X-ray source used. The absorption contribution of the very thin silver electrode to X-rays was negligible. By turning
on and off the incident X-ray, the photocurrent intensity was measured to confirm the response of the single crystal device to X-rays.

The total dose rate of the X-ray beam is controlled by changing the tube current of the X-ray tube. As shown in Fig. 8b, the radiation
detector exhibits a much higher detection sensitivity when exposed to X-ray energy with an effective energy of 60 keV compared to
when exposed to 39 keV and 80 keV energy. Without considering the influence of the device fabrication process, this phenomenon is
consistent with the simulation results shown in Fig. 6b. As shown in Fig. 8c, the sensitivity of the radiation detector for detection
proportionally increases with the increase in applied bias voltage. The collection efficiency of the photogenerated carriers in the
detector is improved by increasing the bias voltage, which enhances the detection sensitivity of the radiation detector. Therefore, an
effective method to improve detection sensitivity is by increasing the bias voltage of the device.

4. Conclusions

The lead halide perovskite MAPbBr; is a semiconductor material with a high atomic number and high attenuation coefficient. It has
the characteristics of low defect density, low dark current and high charge mobility-lifetime product and shows great potential in the
field of ionizing radiation detection. The results of the absorption efficiency and mass attenuation coefficient of perovskite crystals in
the energy range of 30 keV to 100 keV for X-rays based on Monte Carlo simulation are provided. For the mass attenuation coefficients,
the deviations were within 1.39% compared with the NIST database results. The simulation was able to calculate the signal charge and
detection sensitivity of the MAPbBr3 crystal. The results showed that the average free path of the charge carriers will significantly
affect the detection sensitivity, indicating the necessity to improve the material’s charge carrier mobility-lifetime product. The
detection sensitivity of MAPbBrj crystals was more than nine times that of amorphous Se. The detection sensitivity of CdTe crystals was
higher than that of MAPbBrj3 crystals, but the low charge carrier mobility-lifetime product of CdTe crystals was smaller. To improve the
charge collection efficiency, the electric field needed to be increased. However, a high dark current would form and the device per-
formance would be affected. In summary, materials with high atomic number and high charge carrier mobility-lifetime products, such
as MAPDBrj crystals, could improve the detection sensitivity of medical X-rays. Therefore, the radiation dose to the human body would
be reduced. Our results could aid in the development of future high performance X-ray imaging equipment.
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